The hydrodynamic derivatives appearing in the manoeuvring equations of motion are the primary parameters in the prediction of the trajectory of a vessel. Determination of these derivatives poses major challenge in ship manoeuvring related problems. This paper deals with one such problem in which an attempt has been made to numerically simulate the conventional straight line test in a towing tank using computational fluid dynamics (CFD). Free-surface effects have been neglected here. The domain size has been fixed as per ITTC guide lines. The grid size has been fixed after a thorough grid independency analysis and an optimum grid size has been chosen in order to ensure the insensitivity of the flow parameters to grid size and also to have reduced computational effort. The model has been oriented to wider range of drift angles to capture the non-linear effects and subsequently the forces and moments acting on the model in each angle have been estimated. The sway velocity dependent derivatives have been obtained through plots and curve-fits. The effect of finite water depth on the derivatives has also been looked into. The results have been compared with the available experimental and empirical values and the method was found to be promising.
INTRODUCTION
Manoeuvring or steering of ships usually deals with the motion of a ship in the absence of excitation from the sea (calm water) where the motion results from the excitation forces applied through the deflection of control surfaces. Mathematically, manoeuvrability of a ship depends on the hydrodynamic derivatives appearing in the manoeuvring equations of motion. For the manoeuvrability to comply with appropriate standards and for navigational safety of ships, an accurate and reliable estimation of these derivatives at the design stage is essential and this task indeed poses the major challenge in ship manoeuvring related problems. The recent past has seen a host of numerical methods which find easy implementation with the advance in the high performance computing systems. Different numerical methods based on potential flow theory have been used for the determination of first order hydrodynamic derivatives. However, these methods have failed in predicting all the derivatives successfully and they lack adequate flow physics as they neglect the viscous effects. Codes based on Reynolds Averaged Navier-Stokes Equation (RANSE) have emerged as a powerful tool in the prediction of flow around ships and also its hydrodynamic behaviour. Researchers are enthusiastically using them for the study of ship manoeuvring problems.
Aspects of manoeuvring properties of ships gain in importance, as safety issues are of prime concern as per the IMO regulations, which demands CFD methods in this field. A look into recent works on CFD in manoeuvring brings to light the present research scenario in this field. For instance Nonaka et-al. (2007) , estimated the hydrodynamic forces acting on the ship during manoeuvring motion using CFD. Sulficker (2007) has explained block-structured meshing of the geometry containing ship and domain. Cura-Hochbaum (2006) determined the linear hydrodynamic derivatives of a passenger ship model by simulating the viscous flow around the hull, undergoing forced motions. Free-surface effects have not been considered here. Xing- Kaeding and Jensen (2006) presented the simulation of turning circle and zig-zag manoeuvres using a RANSE based CFD code. Tyagi and Sen (2006) have shown the procedure for estimating the transverse velocity based linear and non-linear derivatives of an AUV. Ohmori (1998) numerically simulated the straight line test, circular motion test and planar motion mechanism tests to find the transverse force acting on the hull and the velocity dependent linear derivatives.
In this paper an attempt has been made to numerically simulate the straight line test in a towing tank in order to obtain the sway velocity dependent linear and non-linear hydrodynamic derivatives in surface ship manoeuvring. The calculations have been carried out by means of RANSE code, employing a finite volume technique for solving the viscous fluid flow equations in a ship-fixed coordinate system. A container ship model (S175, Fossen 1994) has been used for the analysis. The particulars of the container ship are given in Table 1 . Fig. 1 shows the container ship model. Static manoeuvres have been simulated to a wider range of drift angles in order to capture the non-linear effects.
MATHEMATICAL MODEL
The task of determination of hydrodynamic derivatives starts with the selection of a mathematical model that best suits the problem. A mathematical model consists of a set of equations in surge, sway and yaw (in some cases roll is also considered), which represents the hydrodynamic reaction force or moment on the ship. Different researchers and research groups have brought about a host of mathematical models (Fossen 1994) . The selection of the mathematical model depends on the type of vessel, its operating area, waterways, type of propulsion, nature of manoeuvre it is subjected to and the motions to which the vessel is susceptible to. It is this selected mathematical model which determines the type and number of hydrodynamic derivatives and its evaluation. Fig. 2 shows the definition sketch of straight line test arrangement where (x 0 ,y 0 ,z 0 ) is the coordinate system fixed with respect to earth and (x,y,z) is the ship-fixed coordinate system that moves with the ship, where both co-ordinate systems coincide initially.
In the present work the non-linear model proposed by Son and Nomoto (1981) has been used neglecting the roll effects and the simplified equations of speed and steering in their nondimensionalized form are given by equations (1) to (3).
(1)
where X′(u) is velocity dependent damping function, for instance X′(u) = X′ |u|u |u|u. This model does not involve modelling the rudder and propeller. Hull derivatives are of prime interest and the effect of rudder and propeller can be brought in by some empirical relationships. N N v N r N v N r N v 
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AFFECT OF FREE-SURFACE EFFECTS
One of the major advantages with CFD solvers is the possibility to model multiphase flows. The air and the water regions can be modeled and patched for the entire fluid domain. But manoeuvring is a very low frequency phenomenon and the wave effects on the ship model have generally been neglected (Cura-Hochbaum 2006 , Bertram 2000 and Ohmori 1998 . The free surface effects on the hydrodynamic coefficients of a vessel are insignificant as the model manoeuvring studies are carried out at low vessel speed. Also to reduce the computational effort, it has been decided not to include the air media in further modelling.
GRID INDEPENDENCY STUDY
Any numerical study entails fixing of the computational domain both in terms of geometry and the computational points or grids. The size of the virtual towing tank used in the CFD modelling has been fixed as per ITTC guidelines (ITTC-Quality Manual,1999) where the domain extends one ship length from the port and starboard, 0.8 ship length from the fore, 1.5 ship length from the aft and 0.64 ship length downwards the keel indicative of a deep water condition. The geometry of the ship model (upto LWL) with the fluid domain is shown in Fig. 3 . As a part of the numerical study the independency of the grid on the numerical hydrodynamic values for the above specified fluid domain need to be ascertained to obtain reliable values. In this regard, five models with different grid sizes have been generated. The coarsest grid has been generated with 0.067 million hexahedral cells (Grid No. 1, Table 2) . A grid refinement ratio of (ITTC-Quality Manual, 1999) has been used for refining the mesh, where the number of cells in each directions of Grid No. Table 2 , which shows that Grid Nos. 4 and 5 give drag force values within a variation of 0.4%. Therefore, considering both computational efficiency, time and accuracy, Grid No. 4 with 0.624 million cells has been chosen for further analysis.
THE STRAIGHT LINE TEST
Experimentally, the straight line tests are carried out in a towing tank to determine the sway-velocity dependent hydrodynamic derivatives. In these model tests, the model is generally oriented to different drift angles and forces and moments acting on the model are measured while the model is towed with a constant velocity in the towing tank. These forces and moments are then plotted against sway velocity to obtain the sway velocity-dependent derivatives in surge, sway and yaw. These curves are fitted with polynomials in sway velocity, v. Due to the symmetry of the ship about its central longitudinal vertical plane the polynomial representing X-force has only even power terms. The polynomial representing Yforce and N-moment have only odd power terms as the ship is not symmetric about its principal transverse plane (Crane et-al 1989) . The coefficients of these polynomials represent the hydrodynamic derivatives. X′ vv , Y′ v , Y′ vvv , N′ v and N ′ vvv are the hydrodynamic derivatives which can be determined through this type of test based on the mathematical model considered here and limiting the order of the fitted polynomial to three.
Numerical Straight Line Test
For the numerical accomplishment of the straight line test, otherwise known as the static simulation tests, separate grids have been generated for drift angles 0 deg to 15 deg in steps of 2.5 deg. Block structured hexagonal grid system have been generated using ICEM CFD software. The grids generated for all model orientations are shown in Fig. 4 . The boundary conditions set for the solution are shown in Table 3 . For each drift angle the forces and moments acting on the hull have been estimated with the solver settings are as shown in Table 4 , where the flow velocity, U m is taken as 1m/sec. FLUENT has been used here as the solver, employing finite volume technique for solving the viscous flow equations. The drag and lift forces given by the solver need to be transformed into ship-fixed coordinate system to obtain the forces on the ship hull in surge and sway. The following transformations have been carried out (4) where F D and F L are the drag and lift forces respectively obtained from the above solution. (8) 
FINITE WATER-DEPTH EFFECTS ON THE HYDRODYNAMIC DERIVATIVES
Water depth has a strong influence on a vessel's manoeuvring performance. The waterway depth effect on an operating vessel is generally judged with reference to the vessel draft, a categorisation of it can be as below (PIANC 1992) .
h/T > 3.0 deep water 1.5 < h/T < 3.0 medium deep water 1.2 < h/T < 1.5 shallow water h/T < 1.2 very shallow water When a ship moves in waterway with restricted depth, the water flow lines around the ship are altered from the situation of deep water. The change in flow lines cause a change in hydrodynamic forces acting on the hull. The water flow under the hull is somewhat restricted causing more water to flow along the sides. This in turn changes the side force and moment acting on a ship and therefore can change the hydrodynamic derivatives and hence the manoeuvring characteristics. As the ship is bound to overcome larger forces and moments, it exhibits more of a sluggish behaviour and the controllability deteriorates.
The simulations carried out to duplicate straight line test in deep water have been repeated for a shallow water case with h/T = 1.5. The equations of the fitted curves in shallow water becomes (9) (10) (11) Fig. 5 shows the comparison of pressure distribution on the hull for all drift angles in deep and finite water depth cases. The plots of non-dimensionalised forces and moments against sway velocity along with fitted curves for the finite water depth case in comparison with those in deep water case are shown in Fig. 6 . The hydrodynamic derivatives obtained in deep water case have been compared with experimental values and some of the hydrodynamic derivatives obtained in the shallow water case have been compared with those obtained through empirical expressions proposed by Kijima et-al. (1990) given by
RESULTS
where T is draft of the vessel and h is the water depth. Correction factor f is suggested to be: The sway velocity dependent linear and non-linear hydrodynamic derivatives in both deep and shallow waters are presented in Table 5 . 
CONCLUSIONS
The plots of surge force sway force and yaw moment versus sway velocity show the typical trends of these forces and moments in the linear and non-linear region. A very complex grid system has been adopted at higher angles of orientation with the selected grid size. As blocking becomes more and more complex at higher angles of model orientation especially with reduced water depth, and also taking into account the limitations of a RANSE solver with higher angles of drift, the work has been confined only up to a drift angle of 15 deg. The trends of forces and moment in finite depth water case are indicative of stronger non-linearities with reduction in water depth. This is also evident from the higher values of forces and moment on the model hull while compared to those in deep water. The uncoupled derivatives Y ′ v and Y ′ vvv are in fairly good agreement (3-5% deviation) with the experimental results whereas the coupled derivatives especially N′ v and N′ vvv deviate more in deep water case (50-58% deviation) and the coupled derivative X′ vv has been predicted well (3.6% deviation). But the coupled derivative values are much smaller than the uncoupled values. Only Y′ v and N′ v could be compared with empirical expressions in finite water-depth case (22% and 19% deviation respectively). Since these linear derivatives are predicted reasonably well, it is believed that the curve fit gives reliable estimates of the non-linear derivates X′ vv , Y ′ vvv and N′ vvv as well. In a static manoeuvre (straight line) test, orienting the ship model to different drift angles is just an approximation of sway motion. The yaw velocity dependent derivatives can not be determined through such a simulation and this prompts for more realistic simulations with hull motions in translation and rotation and hence the importance of dynamic simulations is understood. On the whole it can be concluded that RANSE based CFD gives a qualitative prediction successfully and its application in manoeuvring for the determination of hydrodynamic derivatives is found to be quite promising. 
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